Hb S/b + -thalassemia due to Hb sickle and a novel deletion of DNase I hypersensitive sites HS3 and HS4 of the b locus control region Sickle cell disease (SCD) is one of the most common genetic disorders worldwide and is associated with episodes of acute pain and progressive multi-organ damage. 1 The most common cause of SCD is homozygosity for the hemoglobin sickle (Hb S) mutation, with a minority of cases due to compound heterozygosity for Hb S and other alleles including b-thalassemia. Loss-of-function point mutations of the b-globin gene that abolish (b 0 ) or reduce (b + ) production of normal b-chains are the most common causes of b-thalassemia, with large deletions or rearrangements accounting for a small minority of b-thalassemia alleles.
Sickle cell disease (SCD) is one of the most common genetic disorders worldwide and is associated with episodes of acute pain and progressive multi-organ damage. 1 The most common cause of SCD is homozygosity for the hemoglobin sickle (Hb S) mutation, with a minority of cases due to compound heterozygosity for Hb S and other alleles including b-thalassemia. Loss-of-function point mutations of the b-globin gene that abolish (b 0 ) or reduce (b + ) production of normal b-chains are the most common causes of b-thalassemia, with large deletions or rearrangements accounting for a small minority of b-thalassemia alleles. 2, 3 While patients with Hb S/b 0 -thalassemia generally have severe SCD, the residual production of normal b-chains in Hb S/b + -thalassemia patients is associated with lower Hb S concentration in erythrocytes and a less severe disease. 4 Here, we report the unusual case of an infant who had a newborn screening profile fully consistent with sickle trait, yet was diagnosed later in childhood with typical Hb S/b + -thalassemia. Molecular testing demonstrated that the child was a compound heterozygote for the Hb S mutation and a partial deletion of the b-globin Locus Control Region (bLCR). The deletion removed two of the five DNase I hypersensitivity (HS) regions, providing valuable insight into the roles of individual HS regions in globin gene switching and expression. The proband is now a 6-year old boy who was born to healthy non-consanguineous parents of Caribbean descent. The pregnancy and delivery were unremarkable with no evidence of perinatal anemia or jaundice. Newborn screening was negative for SCD, with the Hb profile being fully consistent with sickle trait (Hb F 79.1%, Hb A 6.0%, Hb S 4.0%, Hb Bart's 9.1%) ( Figure 1A ). The patient enjoyed normal health until five years of age, when he was diagnosed with SCD during an admission for unexplained abdominal pain and enlarged spleen (splenic sequestration). Microcytosis, sickle erythrocytes, Howell-Jolly bodies and target cells were observed on the peripheral blood smear. Hemoglobin analysis using high performance liquid chromatography (HPLC) was suggestive of Hb S/b + -thalassemia (Hb A 19.4%, Hb S 72.7%, and Hb A2 2.6%) ( Figure 1B ). Since diagnosis, the patient has been admitted for one vasoocclusive event and had a tonsillectomy for obstructive sleep apnea. Nucleotide sequence analysis of the β-gobin gene revealed that the proband was heterozygous for the Hb S mutation (HBB:c.20A>T) with no other mutations of the b-globin gene. Deletion-specific gap-PCR demonstrated that he was also heterozygous for the rightward 3.7 kb single a-globin gene deletion (−a 3.7 /aa). Sequence analysis of the intact aglobin genes failed to detect any point mutations. As this genotype could not explain the reduced expression of Hb A and the SCD phenotype in the proband, we investigated the possibility of compound heterozygosity for Hb S and b + -thalassemia due to a deletion involving the bLCR. The multiplex ligation-dependent probe amplification (MLPA) and junction sequence analysis demonstrated the presence of a bLCR deletion that spans 4,860 bp and encompasses the HS3 and HS4 core regions ( Figure 1C and D) . The deletion has been named the Caribbean bLCR deletion (HGVS nomenclature NG_000007.3:g.8510_13369del). DNA analysis of the parents established that the proband inherited the Hb S allele from his mother and the βLCR deletion and 3.7 kb a-thalassemia deletion from his father. The mother was also found to carry the Hb Stanleyville-II missense mutation of the a1-globin gene (HBA1:c.237C>A), which was not inherited by the proband. Hb Stanleyville-II is not associated with abnormal phenotypes in simple carriers or in combination with a-or b-thalassemia.
3 Hb Stanleyville-II has the curious property of inhibiting the formation of Hb sickle fibers in vitro, and thereby may ameliorate the clinical phenotype of SCD. 5 The bLCR is located approximately 5.7 kb to 21.2 kb upstream of the e-globin gene (HBE1), and consists of five DNase I hypersensitivity sites designated HS1 through HS5. The bLCR plays a key role in high-level, tissue-specific expression of the HBB gene. 6 Studies in transgenic mice have suggested that individual HS core regions may have unequal contributions to bLCR function, with HS2 having a dominant activity. 7 Recently, in a mouse model, it has been demonstrated that the HS core regions differ in their degree of activity and act in an additive manner. Deletion of murine HS2 was associated with the greatest reduction in HBB gene expression, while deletions of HS3 or HS4 resulted in lesser reductions. 8 In humans, 25 naturally occurring deletions have been reported that remove all or part of the bLCR. 2,9-13 Most of these deletions include at least three HS regions and are larger than the identified deletion in our case. Typically, these deletions result in loss of expression for all of the blike genes and a phenotype resembling (egdb) 0 -thalassemia. In heterozygous patients, neonatal hemolytic anemia is common due to impaired g-chain synthesis required for Hb F. Once the g→b switch has occurred during the first six months of infancy, the phenotype resolves to one of thalassemia trait with normal Hb A2. While the phenotype is well established for carriers of large deletions that remove all or most of the HS regions, the contribution of individual HS regions to b-globin gene expression in human has not been conclusively clarified. Six previously reported deletions involve the bLCR but leave intact all of the b-like globin genes (Figure 2) . The phenotypes associated with these deletions are of particular interest for delineating the importance of individual HS core regions. For example, complete deletions of bLCR or the Hispanic deletion that removes HS2, HS3 and HS4 are associated with the phenotype of (egdb) 0 -thalassemia whereas the Italian deletion of HS1 and the Toledo deletion of HS3 are not associated with significant hematologic changes in carriers. 9, 10, 13 These observations have raised the suggestion that HS2 may be the only hypersensitive site that has substantial regulatory effect on adult b-globin gene expression. The deletion described in our patient is the smallest reported bLCR deletion that is associated with significant clinical or hematologic phenotype. Our patient had relatively mild SCD with no clinically significant hemolytic anemia at birth. This is in contrast to the more severe Hb S/b-thalassemia phenotypes reported by Keonig and colleagues in haematologica 2015; 100:e167 LETTERS TO THE EDITOR (Table 1 and Figure 2 ). 12 The presence of 19.4% Hb A in our patient indicates that deletions involving only HS3 and HS4 are associated with a significant reduction but not abrogation of bglobin gene expression, consistent with the murine model of independent and additive contributions of individual HS core regions. 8 The level of residual b-globin gene expression associated with the deletion can be inferred from the level of Hb A present in the hemolysate of the proband, which is similar to that observed with Hb S/b + -thalassemia patients due to common promoter mutations such as −29 A→G or −88 C→T. 4 Overall, the hematologic and clinical phenotype is mild and would be classified as type III Hb S/b-thalassemia. 4 It is of interest that the proband was born on Ontario, Canada, shortly after universal newborn screening (NBS) for SCD was introduced in 2006. NBS was done using blood spots and HPLC analysis, and the results were fully consistent with the child having sickle cell trait. The NBS Hb profile was Hbs F/A/S/Bart's, with the proportion of Hb A being greater than Hb S (6.0% vs. 4.0%). This is remarkable because NBS can readily distinguish between Hb S trait and Hb S/b + -thalassemia based on the relative proportion of Hb A and Hb S. Hb S trait is characterized by a relative excess of Hb A relative to Hb S, whereas the ratio of Hb S:Hb A generally is more than 2.0 in Hb S/b + -thalassemia.
14 Given that there was no record of perinatal anemia, and the ratio of Hb S:Hb A was less than 1.0 (consistent with Hb S trait as opposed to Hb S/b + -thalassemia), it is possible that 4.9 kb deletion of HS3 and HS4 did not have an appreciable impact on globin gene expression until after the g→b globin gene switch. Similarly, carriers of the 12.4 kb Mediterranean deletion (removing HS3, HS4 and HS5) have a thalassemic phenotype without history of perinatal anemia (Online Supplementary Appendix). In comparison, complete deletions of the bLCR are associated with perinatal anemia and phenotype resembling (egdb) 0 -thalassemia, suggesting that the role and importance of individual HS regions may differ depending on the stage of development; an observation that has been previously demonstrated in experimental models 15 but has yet to be observed in humans. Overall, the present report indicates that a deletion of bLCR HS3 and HS4 may not have an appreciable impact on g-globin gene expression during fetal development, but is clearly associated with reduced b-globin gene expression following the g→b switch. Moreover, it is also apparent that the deletion of HS3 and HS4 results in less severe reduction of b-globin gene expression relative to deletions of the entire bLCR. Ultimately, the delineation of the roles of the individual HS regions in globin gene switching and b-like gene expression through development will depend on the identification and characterization of other naturally occurring bLCR deletions. Lastly, it is notable that adult carriers of such deletions have the phenotype of (gdb)-thalassemia (microcytic, hypochromic anemia with normal levels of Hb A2) which could be mistaken for a-thalassemia trait. This has implications for accurate carrier screening and genetic counseling.
